
AYIOSa-TR- 78-15 0 L V~

A 1~3 978f
UUKWTFUL



121

-ivi

A I R

Alf' VIM j



SECURITY CLASSIFICATION OF THIS PAGE (when Da~.* Entered)

REPOT DCUMNTA~ON AGEREAD INSTRUCTIONS
REPO T D CUME TATON P GE EFORE COMPLETING FORMA.F RT -78-~i1~ I GOVT CCESSONO. 3. RECIPIENT'S CATALOG3 NIJMSER

4.______________and_____Subtitle)______ 5. TYPE OFREPORT &PERIOD COVEREDj
1A odel of the Human- Ye-Level 'Blood Final 'Scientif ic,
Flow Resnondincr to ,r Stres-s March117-Mrhll 8

6. PERFORMING ORG. REPORT NUMB3ER

N7.AU T 0 R:(.9 
Nýý 3. -1WR AT~r=-R GRANT NUMBER(s)

10James J. Freeman AF R..-7 7 322

9. ERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
University:'of Detroit-- AREA & WORK UNIT NUMBERS

4001 West McNichols 61ýFý'1ý-(--,
Detroit, Michigan 48221

1 1. CONTPOLLING OFFICE NAME AND ADDRESS 1.RPlC-e

AFCSR (111) ý,
Bolling AFB, D.C. 20332

14. MONITORING AGENCY NAME & ADDRESS(if different from tControlling office) 1S. SECURITY CLASS. (01 this report)

/)~ ~ Unclassified

~ f15a. DECL ASSI FICATION/ DOWN GRADING

16. DISTRIBUTION STATEMENT (of this Report)

Approved for Public Release;
Distribution Unlimite-d

17, DISTRIBUTION STATEMENT oth7e abstract 0(ferad in Bok0.it different from Report)

IS. SUPPLEMEN TARY NOTES

IS. KEY WORDS (ConItinue on reverse side It necessary end iden-tify, by block number)

Eye-level Blood Flow, Model, G Stress

20. ABSTRA T (Contifnue on reverse side It necessary and Identify by block nuimber)

A mA~th'ematical model of the closed loop human blood flowregula~tioii system was derived from temporal arterial responsesto 7?s%/dtress in relaxed humans. An ensemble-average G to blood
flowz'transfe~ function based on four subjects' responses to 28

a S obtained on the USAFSA14 human centrifuge. An
analytic transfer function was fitted to the empirical function -
for frequencies from .5 to 200--mHz. The 1prd{C't-i1JtM 95

DD I AN7 1473 EDITION OF I NOV $5.15 OBSOLETE NIASrF// •i
SECURITY C.LA55IFICATION OF TN'IS PAGE Ien ,q



UNCLASSIFIED
ECCURITY CLASSIFICATION OF THIS PAGE('Whne Data Wnter.d)

;0. ABSTRACT (cont'd)
b f the individual subjects ensemble-averaaed transfer function andthe analytic transfer function was examined by comparing theactual blood flow response to the predictive responses. Withinthe control, conditions, the analytic transfer function predicted":, "the-blood~flow response with reasonable accuracy.

0 -

. . . . . . . . . . . . . . . . .....

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(*ben Dat E



I1LEVEL '

A MODEL OF THE HUMAN EYE-LEVEL BLOOD FLOW RESPONDING TO G STRESS

James J. Freeman
University of Detroit
4001 West McNichols
Detroit, Mich. 48221

May 21, 1978

Final Scientific Report for Period 1 March 1977 - 1 March 1978

Approved for Public Release;
Distribution Unlimited

Prepared for
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
NL
Building 410
Bolling AFB, D.C. 20332 D D C

JM EI'Fi•: TtOI ....... .. ... ... i.............

D

.-A-. ----- ------ .... I .....

.... ... ... .. .. . ... .... ... ... ...IjX~i11/V~LW\( WDES>



.1

I

S~I

Preface t
This work on eye-level blood flow responses to +G stress

z
is an extension of the work performed at USAFSAM in 1976 which

modeled eye-level blood pressure versus +Gz stress1  At that

time excellent predictive accuracy was obtained in relating

mathematically derived blood pressure responses to actual blood
pressure data obtained during +Gz stress on relaxed humans. At

zf

the sanie time the blood pressure data was being generated by

placing an 18-gauge catheter in the left radial artery, a

Doppler blood flowmeter was placed on the surface of the skin

over the temperal artery. Therefore, data for the previous I
work on blood pressure responses and that for this report come

from the same centrifuge studies.

Assistance in the data interpretation was gratefully

received from K. K. Gillingham, M.D., Ph.D. of USAPSAM and

S. A. Rositano, Ph.D. of NASA/AMES. The generation of the

analytic transfer function from the ensemble-averaged transfer

function was accomplished by R. C. McNee, M.S. of USAFSAM on

his program entitled, "A Fortran Program to Fit a Complex-

Valued Transfer Function."
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Materials and Methods

Four healthy males, all members of the USAFSAM Accelera-

tion Stress Panel, ranging in age from 24 to 26 volunteered

for the studies which provided the data analyzed in this

report. Doppler ultrasonic flowneters were placed over the

right and left temperal artery. The output flow velocities

were recorded on magnetic tape.

The subjects were in a relaxed condition seated (130

setback angle) on the centrifuge. Three different G stress

profiles were taken: i) gradual onset runs (GOR) with an

acceleration rate of 0.067 G/sec.; 2) rapid onset runs (ROR)

with an acceleration rate of 1 G/sec. and then maintained at

a predetermined level for either 15 or 60 seconds, and 3) a

simulated aerial combat maneuver (SACM) with a total period

of 100 seconds and acceleration ranging from 0 to 1 G/sec.

Profiles were chosen to challenge the subjects visual func-

tioning without causing unconsciousness.

Each subject was told to be in a relaxed state and

exposed to a GOR to the visual endpoint; 15 second RORs and

at least one 60 second ROR; and from four to eleven SACMs.

* At least one 60 second ROR and one SACM elicited a visual

endpoint on the subjects.

Discrete, finite Fourier Transforms of input G stress

and output (eye-level blood flow) were obtained with a

Hewlett Packard 5451A Fourier Analyzer. To prevent spectral

aliasing and also convert the instantaneous blood flow to

mean blood flow, both input and output signals were low-pass

filtered with a 0.5 Hz. 48-db/octave Butterworth filter.

Each G stress profile contained a 200 second record which

was sampled at .78 seconds. The spectra, therefore, had a

maximum frequency of 0.64 Hz with a resolution of 5 mHz.

These sampling parameters were used for the resulting reso-

lution and for compatability with the blood pressure

study (1).

-2-

I



The filtered inputs and outputs were transformed to the

frequency domain by the Fourier Analyzer and the individual

transfer functions were generated by dividing the output eye-

level blood flow (O(f)) by the +G stress forcing function

(I(f)). The ensemble-average of the G stress runs for each of

the four individuals and the ensemble-average of all 28 G

stress runs was calculated. The averaging process gave equal

weight to each run. The rectangular, polar, and impulse re-

ponse of the ensemble-averaged transfer functions of each

individual and the total ensemble-averaged transfer functions

are given in Appendix A. The first 25 frequency channels (SmHz

per channel) are shown for the transfer functions. The first

50 channels (.078 seconds per channel) are shown for the

impulse responses. Only the first 25 frequency channels were

used, since 99.7% of the +G stress forcing energy was below

.125 Hz (25 channels).

An analytic transfer function was then cenerated which

most closely duplicates the frequency profile of the total

ensemble-averaged transfer functions. A Fortran program was

used to fit the complex-valued ensemble-averaged transfer

function (2). The analytic transfer functions sought were:

1) triple pole

2) double zero - double pole

3) single zero - double pole - delay

4) single zero - triple pole - delay

5) double pole - delay - 900 rotation

Paraneter estimates were obtained for each analytic term by

minimizing the weighted sum of the squared error for both real

and imaginary terms over the first 25 frequencies. Marquardts'

algorithm, combining the Taylor series expansion and negative

gradient methods, was used in the computations.

Predictions of eye-level blood flow responses to GOR,

ROR, and SACM G stresses, based on the actual response, the

mean actual response of the individual and the response gen-

-3-



erated by the analytic transfer function, with the least stan-

dard error was obtained. Such comparisons gave visual evidence

of the bidirectional aspects of the transfer functions and the

range of response error involved.

Results

The mean transfer function for all 28 G stress runs is

given in Appendix A. The relatively smooth, well-defined, con-

tours of most of the empirically determined transfer functions

enabled the use of simple analytical estimates of a mathemati-

cally derived function. The various equations chosen for a

possible fit with the standard error are shown in Table 1. A

mathematical derivation relating G stress to blood pressure and
blood flow was done in order to justify the analytic functions.
This derivation is shown in Appendix B.

SAs can be seen from Table 1 and the derivation in Appendix

B, the analytic function which best fits the ensemble-averaged

transfer function should and is a gain, delay, differentiator,

and three poles. A comparison of this analytic transfer func-
tion and the one generated for the relationship of eye-level

blood pressure versus +G stress was also accomplished.

The analytic function with the best fit for eye-level

blood pressure as a function of +G stress was:z
1+7.18s + 4.39s2

H(s) -18.3 +
1 + 3.99s + 7.93s2

The analytic function with the best fit for eye-level blood flow

as a function of +G stress wasz
-2.79s

- .936s eH(s) 2
1 + .741s - 2.68s - 29.9s

This would mean that the relationship:

BF delay - differentiator
BP 3 poles

would be the simplest relationship of eye-level blood flow and

pressure. This relationship also is logical for pressure and

-4--



Analytical Function Standard Error

.103 .0477
23(1 - 1.80s 4 2.71s 2 - 15.2s

-. 539s (1 - .0718s) .0365

1 + 3.04s + 11.8s2

-. 115s
S.537s e .0364

1 + 3.04s + 1l.7s

j(- 1.39w)

- .119 e .0347
J2

1 + 2.09(jw) + 6.12(jw)

-2.79s
- .936s e .0295

1 + .741s - 2.68s - 29.9s

Table 1

Analytical Functions Used as Estimates of the
Transfe1r Fu5Ction Relating +G Stress to Eye-Level Blood Flowz
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flow in an artery as shown in Appendix B. The differentiator

and delay would also occur since different arteries were used

for the two studies. Thus, the differentiator and, especially,

the delay could be due to a combination of the the:,retical

derivation and data collection procedure.

A mean square error analysis of the analytic transfer

function (TFe) and the ensemble-averaged transfer functionreg
for each individual was also accomplished. This analysis is

shown in Table 2. This analysis was done on a channel (5mHz)

basis and a total square error basis. The analysis showed that

individual number 3 had a drastically different transfer

function frequency profile from the other three volunteers.

Therefore, in the final results, the analysis of the blood flow

generated by +G stress profiles for volunteer number 3 was
z

neglected. This analysis also showed aberrant points of vol-

unteer number 4 in channel number 5, and its subsequent second

and third harmonics. Since these frequencies had a abnormally

large error, further analysis of the source of those frequen-
A

cies was done. It was noted that a transient on the G stress

* curve was the maximum contributor to those points. Therefore,

it was smoothed to compare more favorably with the other

ensemble-average transfer functions.

Since the usefulness of the analytic transfer function is

not in how accurately it resembles the ensemble-averaged
transfer function, but in how well it predicts actual blood

flow responses. We compared the actual response, the response

predicted by the individual subjects' mean ensemble-averaged

transfer function, and the result predicted by the analytic

function. These curves are shown in Appendix C.

Data interpretation of the responses was done visually

and by the HP5451A Fourier Analyzer Unit. The two main paints

that are easily visualized are: 1) the erratic actual re-

sponse of subject number 3, and 2) the bidirectional flow

characteristic of both the analytic transfer function and the

ensemble-averaged transfer function.

-6-



COMPARISON OF TRANSFER FUNCTIONS

I TF' - TF" 12

TABLE 2

VE-4

CHAN EL I• E-4 E- IE- I&I
(5mH/ch) -

E-1 E-41E 1 EAE- E. 1-

1 .002 .07 0 25 .03 .02 .83 1.08
2 .001 .16 .65 536 .27 .18 .48 .10
3 .001 .15 .47 626 .14 .05 1.22 1.65
4 .003 .07 .97 436 .31 .17 1.91 .95
5 .002 .51 .82 114 1.03 .10 .83 .42
6 .001 .58 .71 1730 .15 .16 .19 0
7 .003 .45 .62 353 .62 .03 .63 .40
8 .002 .21 .17 1153 .71 .22 0 .26
9 .001 .82 .76 26 .74 .16 1.41 .66

10 .003 .36 1.4 209 .84 .16 .21 .32
11 .003 .17 1.4 203 .95 .32 .06 .12
12 .005 .53 .57 538 .56 .15 .60 1.13
13 .002 .49 2.2 29 .44 .21 .09 .03
14 0 .22 .33 71 .38 .13 1.32 2.25
15 .002 .39 2.69 200 .02 .57 .27 .39
16 .002 .29 .25 108 .50 1.37 .44 .35
17 .003 .43 0 8 .38 .23 .52 .63
18 .007 .55 .02 961 .02 .78 0 .77
19 .001 .19 .02 13 .26 .80 .21 .24
20 .002 .26 0 1 .39 1.08 .34 .34
21 0 .24 C 40 1.58 2.12 1.68 .29
22 .001 .32 0 3 .84 2.17 .79 .35
23 .002 .007 .01 302 .71 1.12 .62 .02
24 .001 .31 0 47 1.08 1.60 1.09 .34
25 0 0 0 70 .99 .97 .97 0

Total .05 7.8 13.3 7910 13.0 14.8 16.1 13.1
-7-



Due to the erratic behavior of the flow responses of sub-

Ject number 3, his actual strip chart recording data was again
analyzed visually. it was noted that in most of his runs,
blood flow and blood pressure increased before the decrease in
+Gz stress. This could be explained if the subject did not
remain in the relaxed state for the entire run. Another pos-
sible cause of this erratic flow could be the state of the art
of the Doppler flowmeter at that time (1974). The transducer
and signal analysis of the system had yet to be optimized.

These erratic responses were not noted in the previous blood
pressure study, since they did not affect the blood pressure

as drastically. This could be due to increased sensitivity
of the blood flow data. That is, percentage-wise, the blood
flow data changed more than the blood pressure with similar

changes in +G stress.

The bidirectional flow aspect of the predicted responses
were changed to unidirectional, while allowing for some nega-
tiire flow, by inserting a weighted amplifier on the output of
the HP5451A Lnalyzer. This weighted amplifier is shown in
Figure 1.

JL

" K 7 1 0 0T

911VIgr

Circuit for Cihanging Bidirectional Flow

to Weighted Unidirectional Flow

r-8--



The dashed line on +G stress runs 4506, 10936, 10530,z
13100, 2300, 3S06, and 2730 in Appendix C are generated with

the weighted amplifier to simulate unidirectional flow.

The time error analysis was done on the HP5451A Fourier

Analyzer. The analysis compared the time differences between

the actual response and the predicted response from the ana-

lytic transfer function responding to the 28 +Gz stress

profiles. The maximum and minimum points on the responses,

along with the initial point of zero flow, were compared.

The results of this analysis are:

Time Differentials for Maximum and Minimum Points

Mean = 1.5 seconds

Maximum 4.5 seconds

Time Differentials for the Onset of 2ero Flow

Mean: 1.2 seconds

Maximum: 5.0 seconds

The mean time differences between the actual response and

the response generated by the analytic transfer function are

well within useful and anticipated errors.

Discussion

Linear systems analysis techniques were used to model

nonlinear systems. This limitation was deemed minimal, since

the ensemble-averaged transfer function for the 28 G stress

profiles correlated well with the delay-differentiator three

pole analytic transfer function. The correlation was compa-

rable to that of the blood pressure -G stress analytic

transfer function (1).

The blood flow data was generated with a Doppler ultra-

sonic system which cannot yield accurate quantitative data

due to the various incident phase angles encountered. The

results, however, are modeled for percent magnitude changes,

and, therefore, numerical values are not needed.

-9-



The data presented in this report has been theoretically

compared to the previous work on blood pressure response to G
stress profiles. There is no other work which could be used
for comparison that includes blood flow data as a function of

G stress.

The time analysis of the data shows a mean time delay

between the actual response and the analytically generated

response of 1.5 seconds for maxima and minima and 1.2 seconds
for the onset of zero flow. It has been shown that gray out

occurs approximately 4 to 10 seconds after the onset of zero

flow (6). Thus, the mean error is well within the limits for F

predicting gray out. The maximum time delay of 5 seconds,
between actual and predicted onset of zero flow, is marginal.

Thus, prediction capability may be impaired at the upper
IIi limits of error.

Since the system models eye-level blood flow of relaxed t
humans, it can only be a part of a real world model relating .
G stress to eye-level blood flow. A realistic model must [
incorporate straining maneuvers and the use of anti-G suits I
on the cardiovascular system dynamics. Since these phenom- V

ena are highly nonlinear, these effects should be modeled

separately and then added to the basic blood flow control

model. This would give a complete model of the physiological
effects of G stress on humans. This data then could be used

effectively to predict pilot performance during various

aerial combat maneuvers.
Conclusion

Data describing the eye-level blood flow response to C

stress in relaxed humans has been presented as an empirical G
to blood flow transfer function and as a mathematically well-

defined analytic function. The transfer functions cover the
frequency spectrum from 5 to 200 mHZ or 99.7% of the forcing

energy. The transfer functions exhibit adequate predictive

ability within the forcing function parametera (1.0 - 4.5G;
0 * 200 seconds). The transfer functions were modified by

-10-



an operational amplifier circuit to enhance the unidirectional

flow with weighted reverse flow. The delay-differentiator

three pole function most closely fits the empirical transfer

function and predicts eye-level blood flow with usable accuracy.
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APPENDIX A

.1

The frequency characteristics of the various transfer

functions used are given in rectangular and polar coordinates.

The frequency coordinates are given in the left column. The
frequency value is equal to the column number multiplied by

.005 HZ.

The "SF" code is translated below

SF A B C

A Magnitude scale factor (1 0A)

B 4 = Rectangular coordinates

5 = Polar coordinates

0= Time coordinates

C Sampling period code (22 = 200 seconds)

-13-



ii

wee0 025
SF -3 4 22
C 0) 0 0 "193 -234 -167 -461 -97 -461
C 4) -257 -227 -480 -739 -802 -419 -689 -4b5
C 8) -594 -'13 -11 I 147 -796 -108 -583 -16
C 12) -891 -122 -723 452 -205 555 -681 321
C C 16) -451 378 -453 651 -424 M6 9 91 462 2
( 20) 379 442 332 429 b1 1 282 99 6
C 24) 428 393 0 0

W1OO 0 25
S F -3 5 22-51 49-194 41 116

C0) 0 0 3e 54 49 -I 914 41108
C 4) 343 -13857 881 -12299 ')04 -15 b2 41 8i2 5 -14660J

C ) 599 -17281 1120 17240 ed04 -1723b Dd 3 -17844

C 12) 999 - 17212P 853 1419 5 b-)2 110e25 756 15b42,

C .16) 589 13994 793 12477 8783 11663 491J 1942

C .20) 583 4943 b42 5234 b89 28 69 131 4 806

C 24) 582 4262 0 0

WO 9 50
SF -2 0 221C0) -1497 -1q27 -2038 -2000 -17190 -1205 -4b3 426
C 8) 1272 19LI 4 2354 2420 2290 1622 12b3 612

C 16) 294 6 -133 -23 18 0 430 540 6 511

1 24) 611 493 304 9 -85 -233 -211 -223

C 32) -17P. -104 41) 11 1 92 116 1ob a5

C 40) -46 -?3 -160 -193 -216 -1971 -1383 -69

C 48) 123 220 322

II

fl - The Rectangular, Polar, and impulse Response of the

Averaged Transfer Function for Subject Number One
-14-



U 0 0 25
SF -3 4 22
C 0) 0 0 -739 230 -439 -626 -663 692
( 4) -526 211 -6'V0 -d,.,O -KtO -35, -470 1/42
( 9) -8 70 -5b1 -945 942 - 13'4b -2 t - -92b - bb

C I.) -1444 73C -6'6 274 - 16e4 b 361 -4b1 -;b 7
C 16) 0 0 0 0 0 0

2 20) 0 0 0 0 0 0 0 0
C 24) 0 0 0

•Da0 25

S1. -3 5 22
0 0) 7 7 224 16267 264 -1PI52 95.) 133114

C 4) •5 1P6d b IC.'; -1 .M 92• -1b213;) 491 16305

8 8) 1104 -15('1.. 1334 13b'4 13t. -1b91.1 -426 -11h'64
C 12) 1642 1blt8 tg 29 1 1H7 V133 167'1/4 b19 - I OJV
C .16) (A 1? 0 e 0 0
C 20) 0 0 0 0 0 0 0 0
C - 24) 0 0 0 0

005

S F -2 0 22
C 0) -252?4 -2tsV3 -236& -2066 - 1649 - 1222 -I lic -219

2 8) 245 614 932 1 0÷ 116) 1 9, 9'3 blI
C 16) 223 -62 -276 -423 -571 -64- -629
( 24) -571 -476 -355 -245 -109 -36 b1 69
C 3P) 5i9 63 33 -3 -61 7 - 107 -e3.
C 40) -98 -35 14 74 13b 1.32 2t3 212

4 9) 320 320 31it

The Rectangular, Polar, and Impulse Response of the

Averaged Transfer Function for Subject Number Two
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k,

WOO0 25
SF -3 4 22
( ) -159 0 -77 727 -4152 648 -39)3 530

C 4) 19 336 -1314 -85 -b83 124 95 57b

C 8) -- 113 -116 -297 -351 -100 439 -46'1 b6

C 12) -171 22 -96 249 202 -398 -213 -2b2

C 16) -89 12 -623 771 -111 -18 15 14

C 20) 11 197 30 -38 -506 21.1 -152 -154

C 24) 68 -202 238 -1141

T P0

WOO 0 25
SF -3 5 22
C 0) 159 0 732 9603 791 124HI" 660 12651
Ci 4) 33"7 8680 13111 - 1763 1 !396 16 l•6 3 10112 3 2411

) 8) 162 -13427 4559 -13026 451 10277 735 12940

C 12) 173 17249 267 11C'aJ 446 -6306 330 -1302b

C 16) 89 17351 9"2 12891 112 -17OKi b 21 4597

C 20) 199 8703 48 -5195 5b5 I1b132 216 -134'4

C 24) 213 -7150 264 -2550

TR0O

Fee

W00 0 50

SF -2 0 22
0 2) -906 -942 -)5R -876 -849 -709 -605 -485

C 8) -382 -327 -304 -340 -301 -362 -43-) -41"6

C 16) -438 -398 -372 -253 -155 -41 -41 11

C 24) -31 -69 -115 -183 -239 -301 -246 -262

C 32) -229 -195 -34 81 157 304 408 4b6

C 40) 415 348 140 -93 -365 -638 -5b8 -102b

C 48) -1004 -984 -871

11 - The Rectangular, Polar, and Impulse Response of the

Averaged Transfer Function for Subject Number Three
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II

"WOO 0 25 "
SF -3 4 22
C 0) 0 0 58 -206 245 -550 -286 -347
C 4) -122 -609 -559 -1036 -424 -30b -7 16 -608
C 8) -854 -4167 -1029 -242 -1111 127 -1148 20

C 12) -882 255 -788 -2 -553 418 0 0
16) 108 -649 -676 234 0 0 -3b6 -290

C 20) -577 43 -1103 677 -838 -29-1 -1000 100
C 24) -80F 657 -985 -5 1

TPO "I

WOO 0 25
Sy -3 5 22

0) 0 0 213 -7426 602 -6605 4bO -12-) b3

( 4) 621 -10120 1177 -11836 b22 -1442-4 939 -•6

9 ) 973 -15136 1V57 -166711 1119 173/4-3 11/48 111896 •
(12) 918 16361 718H -17/992 -136 136b1 0 0

C 16) 658 -8064 716 16e83 0 0 45") -140-38
C 20) 579 17565 1294 14642 838 -1605h 1414 - 135OU
( -24) 1041 141085 985 -1797!

WO0 50
SF -2 0 22
C "0) -29017 -2535 - 1-•S9 -820 "5 931 1416 1593

C 8) 1462 1177 928 765 959 1192 15471 1831
C 16) 2047 1925 1484 950 307 -20! -6,13 -70 .
C 24) -718 -W39 -230 -23 85 37' 60 -7b b
C 32) - 104 -89 121 288 367 44-) 39 5 264
C 40) -71 -251 -437 -452 -359 -181 35 170
C 48) 336 258 141

* -1

The Rectangular, Polar, and Impulse Response of the
9

Averaged Transfer Function for Subject Number Four
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WOO 0 25 ............. ..
SF -4 44 0

( 0) 0 0 200 -381 0 -945 -382 -1,29

C 4) -486 -587 -879 -1378 - 12 16 -560 - 12mb -V36

8) -1329 -3P7 -2119 138 -2042 10 -1754 I13

( 12) -1721 314 -1349 711 -747 I1076 -99.4 997"

C 16) -286 422 - -72 1184 -998 99'1 1713 !28 _

C 20) 405 560 -35 707 199 196 199 99'1

C 24) 99 198 98 97

I

TFO

WO0 0 25SF -4 5 "
0) 0 0 430 -6231 94b -90110 823 -117164

4) 761 -12961 1634 -I125.2 139b -I163 4 1b66 -1432-
( 8) 1369 - 1662C 2.124 "1'626 2P4•2 1796-) V162 1'1434

C 12) 1749 16961 1b2b I 215 1310 12474 1411 1349)

C 16) 510 12402 1377 12064 1,411 13499 5b7 7191
20) 692 5419 7 e 9 27•) 261 400 10 17 t76

C 24) 221 6391 138 4bo0
4.

ILI 0 50A

W 0 0 50
SF -3 o 0

C 0) -3433 -3931 -409S -377b -3126 -1919 -b03 1013

C 8) 23.2 3429 4062 4183 4032 343b 207' 1)441

C 16) 1407 93'7 557 432 371 373 214 16/
( 24) 35 -69 -15f -196 -171 -146 36 66

C 32) 138 143 256 251 171 201 228 265
C 40) 136 123 15 -79 -197 -263 -262 -227

4 48) 10 155 332

!I
L -

The Rectangular, Polar, and Impulse Response of the

Ensemble Averaged Transfer Function of the Four Subjects
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Theory Guiding Pressure-Flow Relationship:

The steady state flow is described by Poiseuille Law. In
the transient case, it is essential to attempt to formulate a

precise set of equations. The nonlinearites have to be consid-

ered. Such nonlinearites arise from the tapering of arteries,

elastic wall of blood vessels which expand due to pressure,
etc. (3). Considering these, the equations for pressure flow

based on Navier-Stoke and the continuity equations are: (4)

as av aS (
v T+ S + + 0=

v v 1 (P

where

S - area which depends on t, p, Z

p = pressure

t = time

Z = axial direction

v = velocity

S- term for seepage

f = gravity or centrifugal and friction forces

It has been shown (3) that with friction, etc., the equa-

tions can be written as

a 2 p TwD + Rs LS 4 U (Sv) + pSg (3)

where
S = 1o/ DO0

h-E
0

f friction

g = gravity
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D and h are diameter and wall thickness at zero pressure

conditLuns.
The continuity equation is

+--3+(vS) = 0 4Ft 3Z

If Ilow = 6 = vA, then it can be shown by algebraic

manipulations that the Navier-Stoke and continuity equations

take the form,:_

-ao1 r'p~-P) pAk• {l-Pk)
A 0

'top a LOa + A g t

Sp az (i-Pk) at l--Pk

and 1 +L e (6)

These equations are tL.e general form for Navier-Stoke and
continuity relationships. A solution of these nonlinear partial

differential equations must be done by approximation techniques.(5)
It should be noted that pressure and flow are dependent

not only on g, but on other factors. An equation, therefore,

which attempts to relate p(t) and q(t) or 6(t) and g(t)

directly are not real systr.n equations. The system equations

are nonlinear and given by the previously nonlinear equations.

Algebraic manipulations of the Navier-Stoke and

continuity equations yields the following differential equations:

Sa2 P= alo a~ e +aR

3t 3 + + S (7)

5FF OZ {L 1 at - -2a 4t
ap a
F =2' {L02.7 1 -5 at

p• ,
p 3  t +!Sg(t)J I
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The form of equation which relates these differential equations

is:

a2p aP ale a le a
A p + x + x P tz 3 + 2 + e

+4 J+ {alZ + a 2 z L-, + a zg} (8)

+0 e +flat 2at 3 g

where X, 0, y are constants.

The above equation yields the general form of the blood

pressure, blood flow, and gravitational force relationships.

Note that pressure and flow are third order systems, while

gravitational force is second order. This shows that the

transfer functions may be of the form

Ke-as1 + as +bsz + csF'
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APPENDIX C I

The eye-level blood flow responses are given for +G

stress profiles for subjects 1,2,3 and 4. The four curves
are arranged in the following order.

FIRST - +G stress

SECOND Actual eye-level blood flow

response to the stress

THIRD Response generated by the
individuals' ensemble-averaged
transfer function to the +GI z

4. stress

FOURTH Response generated by the
analytic transfer function to
the +G stiessSz d

1 7

The dashed lines on the responses due to the ensemble-
averaged transfer functions are due to the addition of the
operational amplifier which limits reverse flow.
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